1. Introduction {#sec0005}
===============

In the course of evolution, feline viruses have gained properties rendering their infections particularly challenging to prevent and treat. Presumably, the way of life of felids has driven over time the development of viruses with highly efficient viral transmission strategies and the potential to induce chronic or latent infections, thus increasing carrier populations and viral dissemination ([@bib0190]). It is today widely accepted that the initial antiviral immune response of the mammalian host plays an essential role in determining the outcome of viral infection. Although extensive studies have been carried out in mouse models, the antiviral innate immune system of the cat remains poorly understood, leaving open questions regarding initial responses to viral infection as well as the possibility of manipulating innate immune mechanisms in favour of the host. In order to illustrate the current status of research concerning innate antiviral defence mechanisms in cats, we will first give a short overview of general knowledge in this field.

Studies in mice and humans have demonstrated that early pathogen recognition by the innate immune system relies on its ability to sense microbial components known as pathogen-associated molecular patterns (PAMPs) ([@bib0005]). With respect to viruses, the host\'s intrinsic defence structures recognize mostly genomic nucleic acids and replication intermediates. Three main classes of PAMPs have emerged to date: double-stranded RNA (dsRNA), single-stranded RNA (ssRNA), and unmethylated CpG DNA. In turn, the detection of these PAMPs relies on a limited set of germline-encoded pattern recognition receptors (PRRs). Three classes of PRR molecules seem to survey various cell compartments for presence of PAMPs and promote intrinsic antiviral immunity: the Toll-like receptors (TLRs), the retinoic acid inducible gene-I (RIG-I)-like receptors (RLRs) and the cytoplasmic viral DNA sensors ([@bib0320]).

TLRs are type I integral membrane glycoproteins either expressed on the cell surface or retained in intracellular compartments. Among the 12 TLRs in mice and 10 TLRs in humans that have been identified to date ([@bib0230]), three share the ability to bind nucleic acids, namely those expressed in endosomal compartments of various subsets of dendritic cells (DCs). Thus, upon phagocytic or endocytic events, TLR3, TLR7 and TLR9 can sense viral dsRNA, ssRNA or unmethylated CpG-DNA respectively ([@bib0265]). TLR8, a structurally homologous variant of TLR7, seems to be non-functional in mice, but has been described in humans as recognising similar molecular patterns to TLR7 ([@bib0115]). To date, various synthetic ligands have been identified for these TLRs, among which the most popular include Poly IC, a synthetic double-stranded polyriboinosinic--polyribocytidylic acid, a well-known synthetic analogue to dsRNA and stimulator of TLR3 ([@bib0110]); imidazoquinolines such as resiquimod (R-848), synthetic compounds that bind to TLR7/8 ([@bib0295]); and synthetic CpG molecules, which trigger TLR9 ([@bib0285]). Such Toll-like receptor agonists have not only been used extensively for research purposes linked to the understanding of innate immune mechanisms, but have also gained much popularity in the clinical field, as treatments for various types of disease and as vaccine adjuvants ([@bib0175], [@bib0220]).

In contrast to TLRs, RLRs and DNA sensors are ubiquitously expressed in the cytoplasm and allow infected cells to detect actively replicating virus. Two main members of the RLR family, RIG-I and melanoma differentiation associated gene 5 (MDA5), have been shown to play essential roles in the recognition of cytoplasmic viral RNA ([@bib0325], [@bib0155]). Recently, additional cytoplasmic DNA sensors have been proposed to detect viral dsDNA during infection ([@bib0320]). These molecules are currently under investigation.

PAMP-triggered PRRs activate distinct signaling pathways that converge on the activation of specific transcription factors NFκB, AP-1, IFN regulatory factor (IRF) 3 and IRF7, enhancing the expression of both proinflammatory cytokines such as IL-6 and TNFα, and type I IFNs, the main players in eradication of replicating viruses in antiviral innate immunity ([@bib0210]). In humans, the large family of type I IFNs primarily include IFNα, IFNβ and IFNω ([@bib0010]). IFNα consists of a group of 13 structurally related proteins, each encoded by a separate intronless gene, while only one protein each for IFNβ and IFNω have been characterized. Type I IFNs are produced by almost all cell types, with IFNβ being the main IFN secreted by fibroblasts in response to viral challenge. Essentially, the ubiquitous presence of IFN receptor complex composed of two subunits IFNAR1 and IFNAR2 ([@bib0260]) and the pleiotropy of these cytokines enable IFNs to initiate potent antiviral responses. First, type I IFNs activate, in uninfected target cells, the production of intracellular effectors that can interfere with several steps of virus replication cycles. Well-studied examples of these antiviral proteins include myxovirus-resistance protein (Mx) GTPase, the RNA-dependent protein kinase (PKR), the 2′,5′-oligoadenylate synthetase (OAS) and the interferon stimulated gene (ISG) 15 (mechanisms reviewed in [@bib0200]). The Mx protein, for instance, binds to essential viral components thus blocking their intracellular transport ([@bib0070]). Moreover, production of this protein is widely recognized as a marker for upregulation of type I IFNs ([@bib0070]). Through positive feedback processes, type I IFNs were additionally shown to enhance the expression of TLRs, further sensitizing cells to microbial recognition ([@bib0225]). Finally, type I IFNs effectively bridge innate and adaptive immunity by promoting the differentiation and function of various immune cell populations such as DCs, NK cells, B cells, as well as CD4+ and CD8+ T cell populations ([@bib0020]).

NK cells represent another important antiviral cell population ([@bib0075]). Constitutively primed to kill, these cells rapidly release IFNγ, a type II IFN affecting mainly adaptive immune cells, as well as granzyme and perforin, cytotoxic substances stored in cytosolic granules. Primary NK targets are host cells lacking MHC I molecules on their surface. As most viruses have evolved mechanisms to downregulate host cell MHC expression in order to avoid immune responses resulting from antigen presentation, virally infected cells are readily attacked by NK cells. In addition to type I IFNs, IL-15 was shown to support development and survival of NK cells as well as to stimulate their cytokine production. Liberated mainly by PAMP-activated DC, IL-15 thus also plays a crucial role in antiviral defence ([@bib0290]).

Various essential players in the innate immune system of the cat have to date been characterized. TLRs 1--9 were shown to be differentially expressed in various feline lymphoid tissues and cell lines ([@bib0105]). Concerning TLRs 3, 7, 8 and 9, high expression levels were measured in the mesenteric lymph nodes and in the spleen. Interestingly, both B and T lymphocyte subsets purified from lymph nodes expressed TLRs and expression in feline CD4+ and CD8+ T cells was mainly restricted to these anti-viral associated TLRs. Infection with feline viruses in vitro also induced altered TLR expression levels in feline cells, with observed differences depending highly on cell type and TLR studied ([@bib0105]). The stimulation of feline TLRs with specific agonists has not yet been reported.

Studies carried out in the past 20 years have mainly focused on the characterization of feline type I IFN subtypes and their potential therapeutic effects in the context of various viral diseases. Nakamura et al. cloned the first cDNA sequence for feline IFN in 1992 ([@bib0185]). The purified protein was classified as omega-type ([@bib0255]) and rapidly shown to exhibit antiviral activity both in vitro and in vivo ([Table 1](#tbl0005){ref-type="table"}, [Table 2](#tbl0010){ref-type="table"} ). As a result, Nakamura\'s IFNω became the first feline antiviral drug available on the market, currently sold both in Japan (Intercat^®^, Toray Industries, Tokyo, Japan) and Europe (Virbagen^®^omega, Laboratoire Virbac, Carros Cedex, France) to treat feline calicivirus and canine parvovirus infections. Subsequently, therapeutic effects of this product as stand-alone or combinatorial agent were described in the context of a series of feline and canine diseases ([Table 2](#tbl0010){ref-type="table"}). In recent years, nucleic acid and amino acid sequences of many feline type I IFN subtypes have been characterized. In all, 13 subtypes each of the *feIFNα* and *feIFNω* genes have been cloned and the biological antiviral properties of the purified proteins were demonstrated in vitro ([Table 1](#tbl0005){ref-type="table"}). Studies concerning the structure of these IFNα and IFNω subtypes have indicated that both protein families have high homology and that feline IFNω is more similar to the IFNα than to the IFNω of other animal species. Although the individual functions of all these IFN subtypes in the cat is unknown, the impressive number of *type I IFN* genes identified to date underlines the necessity of broad antiviral responses in felids ([Table 1](#tbl0005){ref-type="table"}).Table 1Cloned feline *type I IFN* subtypes and the antiviral activity of their purified proteins in vitro.Feline type I IFN genesCell type/tissue for cloningReferenceIn vitro antiviral activity of purified proteinsVirusCell lineReference*IFNω*[a](#tblfn0005){ref-type="table-fn"}^,^[b](#tblfn0010){ref-type="table-fn"}T-cell line (LSA-1)[@bib0185]FCVCrFK[@bib0385]VSV, FCV, FHV, FCoV, FPV, rotavirusCrFK, fcwf-4, MDCK[@bib0365]FIVFetJ-Bang[@bib0405]FHVCrFK[@bib0390]  *IFNα1--3, 5, 6*Mesenteric lymph node cells[@bib0415]VSV, FCVCrFK, AH927[@bib0330]  *IFNα7--14*Epithelial cell line (CrFK)[@bib0370]VSVCrFK, fcwf-4, RK-13, MDBK, MDCK, L-929, FL[@bib0400]FCoV, FCV, FHVfcwf-4  *IFNω1-13*Spleen of FCoV-infected cat[@bib0420]VSVCrFK, MDCK, MBDK[@bib0420][^1][^2][^3]Table 2In vivo studies on antiviral effects of feline IFNω (Intercat^®^ and Virbagen^®^omega).DiseaseReferenceCPV infection[@bib0360]\
[@bib0355]FeLV infection FeLV/FIV co-infection[@bib0340]FeLV infection[@bib0335]FPV infection[@bib0380]FHV infection[@bib0350]Herpes dermatitis[@bib0345]Chronic gingivostomatitis[@bib0395]FCV[@bib0375]

Regarding effector functions of feline type I IFNs, mainly the induction of intracellular antiviral proteins has been discussed. In this way, the biological activity of Nakamura\'s recombinant feline IFN was initially supported by its potential to modulate OAS activity in vitro ([@bib0250]). The physiological effects of oral or ocular treatment with this recombinant IFNω were later assessed by local and systemic measurement of the feline Mx protein ([@bib0015]), which had already been previously described ([@bib0100]). More recently, stimulation of feline cells with recombinant IFNω was shown to induce expression of feline ISG15. Molecular cloning of this gene enabled detection of the immunomodulatory properties of both cell-conjugated and free forms of this antiviral effector protein ([@bib0240]). Altogether, these studies illustrate the breadth of IFN-induced antiviral mechanisms in the cat. The recent cloning and molecular characterization of the feline IFNAR2 ([@bib0315]) may support the study of further effector functions of type I IFNs in the cat.

Finally, only few studies have targeted aspects of the feline innate immune response following viral encounter. Dean et al. reported that immunodeficiency in FIV infection also concerned early anti-pathogen defence mechanisms in vivo ([@bib0030]). Thus, chronically FIV-infected cats mounted weaker initial immune responses against *Listeria monocytogenes*, leading to a more severe form of infection. In a further study, inoculation of FIV-infected cats with modified *L. monocytogenes* carrying an expression vector for various feline cytokines indicated that IL-15 played a central role in restoring FIV-related innate immune disturbances and increasing the natural killer cell population ([@bib0035]).

Despite extensive studies on molecular structure and antiviral effects of feline IFN, much remains to be understood regarding qualitative, quantitative and timely aspects of innate immune mechanisms following viral infection in the cat. Moreover, the possibility of synthetically stimulating the intrinsic immune system has not yet been investigated in this species.

Herein, we describe the development of twelve real-time qPCR assays enabling to quantify the expression of key factors involved in feline innate immunity. Relative expression levels of various innate immune parameters were determined in viral infection both in vitro and in vivo. Furthermore, we report the quantification of innate immune responses obtained in vitro after stimulation of feline immune cells with various synthetic molecules.

2. Materials and methods {#sec0010}
========================

2.1. Cats, FIV infection and blood collection {#sec0015}
---------------------------------------------

Ten male specified pathogen-free (SPF) cats of 10 weeks of age and 4 male SPF cats of 4 years of age from Liberty Research Inc. (Waverly, NY, USA) were used in this study. Young and adult cats were housed separately in an animal-friendly environment and under optimal ethological conditions. All experimental procedures were reviewed and approved by the Swiss Federal Veterinary Office.

After an adaptation phase of 4 weeks, the kittens were infected intraperitoneally with 50 cat infectious doses 50 (50 CID50) of the FIV Glasgow 8 (GL8) strain, previously titrated in vivo and kindly provided by Dr. M. Hosie and Prof. O. Jarret from the University of Glasgow, Great Britain. Whole blood was collected in EDTA-supplemented evacuated tubes both on day 0 (before infection) and on day 7 post infection. 100 μl of blood was mixed with 300 μl mRNA lysis buffer (Roche Diagnostics, Rotkreuz, Switzerland) immediately after blood collection and samples were stored at −80 °C until further analysis.

EDTA-supplemented venous blood from the 4 adult SPF cats was used for the purification of PBMCs required for other experiments, namely real-time qPCR assay optimization, IRM stimulation or inoculation with FIV.

2.2. Feline PBMC isolation, cell lines and cell culture {#sec0020}
-------------------------------------------------------

Feline PBMCs were isolated from EDTA-supplemented whole blood by Ficoll-Hypaque density gradient centrifugation (Histopaque^®^-1077, Sigma--Aldrich, Buchs, Switzerland). The mononuclear cell fraction was washed once and resuspended in RPMI with Glutamax I (Gibco^®^, Invitrogen, San Diego, CA, USA) supplemented with 10% heat-inactivated fetal calf serum (Bioconcept, Allschwil, Switzerland), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco^®^, Invitrogen, San Diego, CA, USA). For the production of cDNA for real-time qPCR assay optimization, isolated PBMCs were either stimulated directly after isolation with 4 μg/ml LPS (Sigma--Aldrich, Buchs, Switzerland) or with a combination of 10 μg/ml Concavalin A (Sigma--Aldrich, Buchs, Switzerland) directly after isolation and 50 U/ml IL-2 (Sandoz Pharmaceuticals AG, Cham, Switzerland) 24 and 96 h post isolation. For experiments including IRM stimulation or FIV inoculation of feline PBMCs, the isolated cells were counted using the Sysmex XT 2000 iV (Sysmex, Norderstedt, Germany) as previously described ([@bib0410]) and dispersed in 96-well plates at a density of 3 × 10^5^ cells per well in 100 μl complete RPMI.

Crandell-Rees feline kidney (CrFK) cells and feline embryonic fibroblasts (FEA) were maintained in RPMI supplemented as described above.

2.3. Viruses and in vitro inoculation experiments {#sec0025}
-------------------------------------------------

FIV GL8 and FeLV-A/Glasgow-1 strains, generous gifts from Dr. M. Hosie and Prof. O. Jarret (University of Glasgow, Great Britain), had been previously propagated and titrated on purified feline PBMCs and FEA cells respectively. The FHV ZH5-04 strain was kindly provided by Veterinaria AG (Zurich, Switzerland), had undergone several passages in CrFK cells and was titrated in these cells before use in the present study. All viruses had been kept at −80 °C for long-term storage.

For in vitro inoculation experiments of adherent cells, 2 × 10^4^ FEA or CrFK cells were seeded in the wells of a 96-well plate and incubated at 37 °C, 5% CO~2~ for 24 h. FEA cells were then inoculated with 20 tissue culture infectious dose 50 (TCID50) FeLV and CrFK cells with 50 TCID50 of FHV. For in vitro inoculation of feline PBMCs, 3 × 10^5^ cells isolated from one individual adult cat were distributed in wells of a 96-well plate and directly infected with 50 TCID50 of FIV stock virus. The cultures were incubated at 37 °C, 5% CO~2~ and cells from duplicate wells were harvested at the time intervals depicted in the results of the respective experiments. For each time point, duplicate wells containing uninfected cells were included as unstimulated controls for comparison in gene expression profiles. For harvesting of adherent cells, the supernatant was removed from each well and the cells were directly lysed with 300 μl mRNA lysis buffer (mRNA isolation kit I, Roche Diagnostics). PBMCs from separate wells were first pelleted and subsequently lysed in the same manner. Lysed samples were stored at −80 °C until further analysis. In experiments with FHV and FeLV, the presence of virus-specific nucleic acids in supernatants of infected cells was confirmed by real-time qPCR 24 and 48 h post inoculation respectively using systems previously published ([@bib0280], [@bib0245]). Measurement of FIV provirus integration in PBMCs was carried out by real time PCR as has already been described ([@bib0150]).

2.4. IRM stimulation of feline PBMCs {#sec0030}
------------------------------------

Purified PBMCs from one adult cat were counted and 3 × 10^5^ cells per well were seeded directly after isolation in a 96-well format. Cells were treated with either 144 μg/ml dSLIM™ (Mologen AG, Berlin), 20 μg/ml R-848 or 20 μg/ml Poly IC (Alexis biochemicals, Enzo Life Sciences AG, Lausen, Switzerland) and maintained at 37 °C, 5% CO~2~. dSLIM™ and Poly IC were solubilized in PBS, R-848 in DMSO, as recommended by the manufacturers. All solutions were diluted in PBS so that cell treatments were equi-volume. Two controls for comparison in gene expression profiles were added in which cells were treated with either an equal volume of PBS, or, for comparison with R-848 stimulation, PBS containing the corresponding concentration of DMSO. After 6, 12, 24 and 48 h, cells were harvested as described above for PBMCs.

2.5. RNA isolation and synthesis of cDNA {#sec0035}
----------------------------------------

For real-time qPCR assay optimization experiments, total RNA was extracted manually from pellets of 2.5 × 10^6^ PBMCs using the RNeasy^®^Plus Mini Kit (Qiagen AG, Hilden, Germany). Cell lysis and homogenization was thereby carried out using the QIAshredder™ and genomic DNA (gDNA) was removed with the gDNA Eliminator spin column (Qiagen AG) according to the manufacturer\'s recommendations. For experiments concerning the measurements of cytokine gene expression, mRNA extractions were performed with the mRNA Isolation Kit I and MagNA Pure LC Instrument (Roche Diagnostics) according to the manufacturer\'s instructions. In both cases, purified RNA was stored at −80 °C until further use.

First strand cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) following the manufacturer\'s instructions, and samples were stored at −20 °C until use for qPCR measurements.

2.6. Real-time qPCR {#sec0040}
-------------------

### 2.6.1. General conditions {#sec0045}

Real-time qPCR was carried out using a Rotor-Gene 6000 real-time rotary analyzer (Corbett, Mortlake, Australia). PCR assays comprised 5 μl of cDNA in a total volume of 25 μl per reaction using the TaqMan^®^ Fast Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA). Thermocycling conditions consisted of an initial denaturation of 20 s at 95 °C, followed by 45 cycles of amplification by melting at 95 °C for 3 s and annealing at 60 °C for 45 s.

Systems for *TLR 7* and *TLR9* were used as previously described ([@bib0105]).

### 2.6.2. Development and validation of novel assays {#sec0050}

Primers and probes for each gene listed in [Table 3](#tbl0015){ref-type="table"} were designed using Primer Express™ software (versions 2 and 3, Applied Biosystems). The sequences were retrieved from Ensembl ([http://www.ensembl.org](http://www.ensembl.org/)) and GeneBank ([http://www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov/)), and oligonucleotides were commercially synthesized (Microsynth, Balgach, Switzerland). All probes were labelled with the reporter dye FAM (6-carboxyfluorescein) at the 5′ end and the quencher dye TAMRA (6-carboxytetramethylrhodamine) at the 3′ end. For genes containing introns, the designed systems covered putative exon--exon junctions, in order to preclude genomic DNA amplification. Primers for each system were first tested for the generation of amplicons of expected length in PCR assays comprising cDNA synthesized from ConA-stimulated PBMCs. The PCR products were subjected to gel electrophoresis on 3% agarose gels, stained with ethidium bromide and visualized using the Chemigenius 2 BioImaging System (Syngene, Cambridge, UK). Only primers indicating appropriate specificity and amplification products of correct length were utilized for further optimization. Primer and probe concentrations for each system were optimized on five-fold serial dilutions of cDNA derived from ConA-stimulated PBMCs. cDNA was diluted in 30 μg/ml salmon sperm DNA (Invitrogen, Basel, Switzerland) and quadruplicates of each dilution were tested simultaneously. Matched forward and reverse primer concentrations of 300, 600 and 900 nM were evaluated first with a probe end concentration of 250 nM. The performance of the assays was further optimized using the best primer concentrations combined with 3 different probe end concentrations, namely 50, 150, and 250 nM. Amplification efficiencies of the newly designed assays were calculated as previously described ([@bib0135]) using the following equation:Table 3Real-time qPCR systems for 12 feline genes related to innate immunity.GeneAccession numberOligoSequenceFinal conc. (nM)Amplicon size (bp)Efficiency*IFNα*[AY117395](ncbi-n:AY117395)[a](#tblfn0025){ref-type="table-fn"}ForwardCACGTGACGAACCAGAAGATCTT300741.04ProbeACTTCTTCTGCACAGAGGCGTCCTCG300ReverseGAGGGTGGTGTTCCAAGCA250  *IFNα3*[AY117393](ncbi-n:AY117393)[a](#tblfn0025){ref-type="table-fn"}ForwardCGTGACGAACCAGGAGATCTTC900721.07ProbeACTTCTTCTGCACAGAGGCGTCCTCG900ReverseGAGGGTGGTGTTCCAAGCA250  *IFNα7*[AB094996](ncbi-n:AB094996)[a](#tblfn0025){ref-type="table-fn"}ForwardCACGTGACCAACCAGAAGATCTT600741.13ProbeACTTCTTCTGCACAGAGGCGTCCTCG600ReverseGAGGGTGGTGTTCCAAGCA150  *IFNα14*[AB095003](ncbi-n:AB095003)[a](#tblfn0025){ref-type="table-fn"}ForwardCGTCTGCTCTCTGGGTTGTG600771.00ProbeCCTGCCTCAGACCCACGGCC600ReverseATTTGTCCCAGGAGCGTCAA150  *IFNβ*[AB021707](ncbi-n:AB021707)[a](#tblfn0025){ref-type="table-fn"}ForwardTGGAATGAGACCACTGTTGAGAA900690.97ProbeCTCCTTGCGACACTCCACTGGCAG900ReverseGGATCGTTTCCAGGTGTTCCT50  *IFNω*[DQ420220](ncbi-n:DQ420220)[a](#tblfn0025){ref-type="table-fn"}ForwardCGCAGGTTAGCAGGGACAAC600931.07ProbeCGGAGACTGTCCCCTTTCTTGTGCC600ReverseGGGAAGCGGAAGTCTTTTCTG50  *Mx*NM002462[a](#tblfn0025){ref-type="table-fn"}ForwardACCAGAGCTCGGGCAAGAG900961.00ProbeCCTTCCCAGAGGCAGCGGTATTGTC900ReverseTTCAGCACCAGAGGACACCTT250  *IL-15*ENSFCAG00000011861[b](#tblfn0030){ref-type="table-fn"}ForwardAGTGATGTTCATCCCAATTGCA4001351.00ProbeTTCGCTTGAGTCCAAAAATGCGACCA400ReverseACCGCTGTTTGCTAGGATAATAATG50  *TLR3*ENSFCAT00000006197[b](#tblfn0030){ref-type="table-fn"}ForwardCAACAACTTAGCACGGCTATGG400721.07ProbeAACGTGCAAACCCTAGTGGTCCTGTTGATT400ReverseAATGTGGAGGTGAGAAAGACCC80  *TLR8*ENSFCAG00000007243[b](#tblfn0030){ref-type="table-fn"}ForwardGCTCCAGCTGTTTCCTCATC400821.01ProbeCCAGTTGCTCGACTTAAGTGG400ReverseGAGGCTGTTGGTCAAAGAGG80  *Perforin*[EU032539](ncbi-n:EU032539)[a](#tblfn0025){ref-type="table-fn"}ForwardTTCGCGGCCCAGAAGAC900790.98ProbeTTCCACGACCAGTACAGCTTCAGCACTG900ReverseGTGAGAGCTGTAGAAGCGACATTC250  *Granzyme B*[EU153367](ncbi-n:EU153367)[a](#tblfn0025){ref-type="table-fn"}ForwardCCACCCAGACTATAATCCAAAGAA600770.97ProbeCCAACGACATCATGTTACTGCAGCTGG600ReverseCAGTCAGCTTGGCCTTTTTCA250[^4][^5]

*E*  = \[10^(−1/slope)^\] − 1.

The system for *IL-6* had already been described ([@bib0235]). Optimization experiments for this assay in our laboratory indicated best results with concentrations of 800 nM for forward and reverse primers and 250 nM for the probe, rendering an efficiency of 0.99. We also designed new systems for *TLR 3* and *TLR8*, as we were unable to obtain an adequate efficiency with those previously described ([@bib0105]).

### 2.6.3. Relative expression analysis of feline genes {#sec0055}

Expression levels of selected genes were calculated using GeNorm version 3.5 ([@bib0275]), using *β-glucuronidase* (*GUSB*) and *tryptophan 5-monooxygenase activation protein, zeta polypeptide* (*YWHAZ*) as reference genes, under conditions previously validated for the feline species ([@bib0125]). For illustration of relative expressions of the various genes in the figures of the present report, a cut-off of 2-fold up- respectively downregulation measured at least at one time point in each experiment was selected.

2.7. Statistical analysis {#sec0060}
-------------------------

For the measurement of the effect of FIV on cytokine expression in vivo, statistical analysis was performed with GraphPad Prism for Windows, Version 3.0 (GraphPad software, San Diego, CA, USA). Normalized cytokine expression factors were tested for statistical differences between samples of week 0 and week 1 post infection using a non-parametric Wilcoxon signed rank test for paired samples.

3. Results {#sec0065}
==========

3.1. Development of novel real-time qPCR systems {#sec0070}
------------------------------------------------

Primer and probe sequences for real-time qPCR systems of 12 feline genes relevant to innate immune responses against viruses were designed and validated ([Table 3](#tbl0015){ref-type="table"}). The assay developed for *IFNω* encompasses the expression of all *IFNω* subtype genes simultaneously. Due to the sequence dissimilarities in *IFNα* subtype genes, several systems had to be created for this *type I IFN* family: a separate assay was designed for *IFNα14* while common probes and reverse primers are shared by the *IFNα3*, *IFNα7* and IFNα systems that recognize *IFNα subtypes 3*, *7* and the remaining subtypes (*IFNα1, 2, 5, 6, 8--13*), respectively.

Amplicon sizes of the developed real-time qPCR assays ranged from 69 to 135 bp. A single band could be visualized after initial amplification analysis of primers only, when tested with cDNA derived from purified feline PBMCs. Both primer and probe concentrations were optimized and reaction efficiencies were evaluated.

3.2. Stimulation of feline cells with various IRMs {#sec0075}
--------------------------------------------------

Both immortalized and primary cells of feline origin were stimulated with 3 IRMs of different classes, namely dSLIM™, a covalently closed oligonucleotide containing several unmethylated CpG motifs ([@bib0215]), R-848 and Poly IC. The concentrations indicating optimal IFNα induction after 12 h in preliminary titration experiments were selected for use in this study (data not shown). As determined by both trypan blue exclusion and cell count measurements at regular intervals after stimulation, no evidence of cellular toxicity could be observed in CrFK cells, FEAs or purified feline PBMCs treated with dSLIM™ or R848 (data not shown). Poly IC, however, at concentrations capable of inducing innate immune responses, induced cell death in all three cell types, and housekeeping gene expression analysis in cell samples treated with this molecule repeatedly indicated an increase of 6--8 Ct values compared to untreated controls.

IRM-treated cells were systematically screened for increased expression of *IFNα*, *Mx* and *IL-6* as indicators of successful stimulation. Despite measurable basal expression levels of *TLRs 3*, *7*, *8* and *9* in CrFK and FEA cells, all 3 IRMs failed to influence the transcription of genes relevant to innate immunity (data not shown). However, differential gene profiles were observed after treatment of purified feline PBMCs with the immune-stimulating molecules ([Fig. 1](#fig0005){ref-type="fig"}A--C). dSLIM™ and R-848 induced a 6- and 12-fold upregulation of *IFNα* expression within 12 h of stimulation. However, no increase in transcription of *Mx* could be measured in PBMCs treated with these two molecules. In cells pulsed with Poly IC, levels of *IFNα* expression could not be accurately measured due to both low basal expression levels of this cytokine and cell death induced by this IRM. Nevertheless, Poly IC induced a 28-fold increase in *Mx* expression that could be measured already 6 h post stimulation. Upregulation of *IFNα* expression was concordant with that of *IL-6* after stimulation of PBMCs with Poly IC and R-848. In contrast, treatment of these cells with dSLIM™ induced significant downregulation of *IL-6* expression. Finally, among all 3 IRMs, only dSLIM™ was found to modulate *TLR* expression, indicating a 6-fold increase of *TLR9* within 12 h of stimulation.Fig. 1Kinetics of innate cytokine expression in feline PBMCs after IRM stimulation. Feline PBMCs of one cat were incubated for 6, 12, 24 and 48 h with (A) 144 μg/ml dSLIM™, (B) 20 μg/ml R-848 and (C) 20 μg/ml Poly IC. mRNA expression of the indicated genes was measured by real-time qPCR and normalized to expression of two feline housekeeping genes (*GUSB* and *YWHAZ*). Depicted expression factors at each time point represent the ratio of measured mRNA levels in the IRM-stimulated samples compared to samples treated with a negative control. Only genes indicating at least a 2-fold modulation in their expression at any time point are shown. Data represent means of duplicate reactions for each time point. Standard deviations are shown as an indication for reproducibility.

3.3. Early immune responses of feline cell lines after inoculation with feline viruses {#sec0080}
--------------------------------------------------------------------------------------

The induction of host cell immune responses by FHV and FeLV were assessed in vitro on CrFK cells and FEAs respectively at regular time intervals early post infection. Productive infection of the cells was confirmed by real-time PCR of cell culture supernatants 24 and 48 h post inoculation for FHV and FeLV respectively (data not shown). Modulations in relative expressions of *IFNα*, *IFNβ*, *Mx* and *IL-6* were utilized as parameters for immune responses by the cells. Progressively increasing levels of *IFNα*, *IFNβ* and *IL-6* were measured after inoculation of CrFK cells with FHV, with highest levels corresponding to, respectively, 37-, 45- and 23-fold upregulation in gene expression measured after 24 h. No changes in *Mx* expression were observed ([Fig. 2](#fig0010){ref-type="fig"}A). In contrast, FEA cells indicated the most potent antiviral immune response just 6 h after inoculation with FeLV, and transcription levels of all analyzed genes decreased progressively thereafter. Within 6 h post inoculation, increases of 15-fold in *IFNα* expression, 29-fold in *IFNβ* expression and 4-fold in *IL-6* expression were measured. Presence of *Mx* mRNA was proportional to levels of *IFNα* and *IFNβ* expression, with highest levels also noted 6 h post inoculation ([Fig. 2](#fig0010){ref-type="fig"}B).Fig. 2Innate immune responses to FHV and FeLV in vitro. (A) CrFK cells were inoculated with 50 TCID50 of FHV and (B) FEA cells were inoculated with 20 TCID50 of FeLV. mRNA expression of the indicated genes was measured by real-time qPCR and normalized to expression of two feline housekeeping genes (*GUSB* and *YWHAZ*) at time points indicated for each experiment. Depicted expression factors at each time point represent the ratio of measured mRNA levels in the infected samples compared to samples of non-infected cells. Only genes indicating at least a 2-fold modulation in their expression at any time point are shown. Data represent means of duplicate reactions for each time point. Standard deviations are shown as an indication for reproducibility.

3.4. Evaluation of innate immune response parameters in feline PBMCs after in vitro infection with FIV {#sec0085}
------------------------------------------------------------------------------------------------------

The influence on the expression of 14 genes including receptors and cytokines relevant to innate immunity was tested in feline PBMCs at regular time points after inoculation with FIV. Effective integration of FIV provirus was confirmed by real-time PCR 48 h after infection of the cells (data not shown). Modulations in the expression of the tested factors are depicted in [Fig. 3](#fig0015){ref-type="fig"} . All genes tested were influenced within the first 48 h of stimulation, with the exception of *TLR9* (not shown). The strongest response was measured 12 h after infection, with substantial modulation at this time point in mRNA levels of 9 out of 10 cytokines tested. *Type I IFN* genes were upregulated as of 6 h post inoculation. Peak levels of 374-fold and 121-fold inductions in gene expression of *IFNα* and *IFNω* were achieved at 12 h post infection, while strongest induction of *IFNβ*, namely by a factor of 114, was measured 24 h after FIV inoculation. Although maximal gene expression levels were slightly lower for the individual *IFNα* subtypes tested (65-fold, 67-fold and 24-fold for *IFNs 3*, *7* and *14* respectively), a similar pattern of stimulation was observed, with highest expression 12 h after infection. *Mx* and *IL-15* genes were induced in a manner proportional to the *type I IFN* genes at all time points measured, with highest increases at 12 h post inoculation of 38-fold and 7-fold, respectively. During the first 48 h, FIV infection downregulated *IL-6* expression attaining lowest levels within 6 h after inoculation, when a 60-fold decrease in expression was observed. Genes encoding for contents of NK cell cytotoxic granules appeared only marginally affected when their expression was measured in PBMCs. Both *perforin* and *granzyme B* mRNA levels were maximally increased 3 h post infection by 1.8-fold and 2-fold, respectively. Similarly, the expression of *TLR* genes in PBMCs was only slightly influenced by FIV infection. Transcription of *TLRs 3*, *7* and *8* was however induced in a delayed manner when compared to the cytokines, attaining maximal levels 24 h after infection with induction factors ranging from 2 to 2.6.Fig. 3Innate immune responses to FIV infection of feline PBMCs in vitro. PBMCs of one cat were inoculated with 50 TCID50 of FIV. mRNA expression of the indicated genes was measured 3, 6, 12, 24 and 48 h after inoculation and normalized to expression of two feline housekeeping genes (*GUSB* and *YWHAZ*) at each time point. Depicted expression factors at each time point represent the ratio of measured mRNA levels in the IRM-stimulated samples compared to samples treated with a negative control. Only genes indicating at least a 2-fold modulation in their expression at any time point are shown. Data represent means of duplicate reactions for each time point. Standard deviations are shown as an indication for reproducibility. GzmB = Granzyme B.

3.5. Measurement of type I IFN in cats after FIV challenge in vivo {#sec0090}
------------------------------------------------------------------

10 SPF cats were subjected to FIV infection with the highly virulent GL8 strain. Expression levels of feline *IFNα* were compared in whole blood samples collected from the cats immediately before and 1 week after FIV challenge infection. 9 out of 10 cats displayed higher *IFNα* expression after infection. An average of 2.4-fold induction in expression of this cytokine could be measured in the cats after infection (*p*  = 0.0059) ([Fig. 4](#fig0020){ref-type="fig"} ).Fig. 4Measurement of *IFNα* expression levels in blood 1 week after FIV challenge infection in vivo. mRNA expression of *IFNα* and two housekeeping genes (*GUSB* and *YWHAZ*) from whole blood samples of 10 cats collected before and 1 week after challenge infection with FIV was measured by real-time qPCR. DeltaCt values depicted were calculated by substracting the average of 45-Ct values for two housekeeping genes (*GUSB* and *YWHAZ*) from 45-Ct values for *IFNα* of the corresponding sample. \**p* = 0.0059.

4. Discussion {#sec0095}
=============

Innate immune responses to invading pathogens play a key role in the outcome of infection. Over the course of time, mammalian hosts have developed the capacity to counterbalance virus attacks through sensing of viral signatures by specialized immune cells and immediate activation of the type I IFN system. Within minutes to hours, this family of antiviral cytokines initiates an explosion of potent defence mechanisms, leading to the suppression of viral replication and protection of the host. These intrinsic immune responses remain poorly understood in felids, a species that seems particularly sensitive to viral infections, with sporadic viral outbreaks compromising endangered populations ([@bib0045], [@bib0195], [@bib0025], [@bib0170]). Until now, the appropriate tools for characterizing innate immune mechanisms in this species were unavailable. In order to better understand the early host-pathogen interactions occurring in feline viral infections, we describe herein the development of 12 real-time qPCR systems to measure the expression of feline genes related to innate antiviral defence mechanisms. Through a series of experiments, we demonstrate the possibility of monitoring key events in innate immune responses both in vitro and in vivo. We further demonstrate the initiation of antiviral responses in feline immune cells upon stimulation with various IRMs.

The strength, extent and kinetics of immune responses elaborated by feline cells upon viral inoculation in vitro were evaluated. In these experiments, expression levels of *IFNα* and *IL-6* were systematically analyzed as indicators for the initiation of innate immune mechanisms. As *Mx* expression is strictly regulated by type I IFN ([@bib0085]), biological functionality of the induced immune responses was assessed by simultaneous analysis of this factor. In all models of infection used in this study, we observed the characteristic transient expression of *type I IFN* genes, with a duration ranging from 6 to 12 h in CrFK cells and FEAs inoculated with FHV and FeLV respectively to 36 h in PBMCs infected with FIV. The presence of specialized cells for the production of type I IFNs in the blood is most likely linked to the longer expression of these innate cytokines in PBMCs ([@bib0020]). Moreover, *IFNs α*, *β* and *ω* were expressed at differential levels in feline cells upon infection; while PBMCs heavily upregulated expression of *IFNα* and *IFNω* genes, cell lines retaining epithelial and fibroblast properties preferentially increased production of *IFNβ* mRNA levels. Time points at which highest expression of antiviral genes was measured also greatly varied with cell type and virus. Although FEA cells responded to presence of FeLV within 6 h, induction of innate immune gene expression could only be observed after 24 h following FHV infection in CrFK cells. Peak antiviral response in PBMCs was measured 12 h after infection, with evidence for progressive development and rapid decrease of the response. Further experiments are necessary to determine the significance of individual properties of cells and tissues as well as virus-related factors such as source and infectious dose in these observations.

Interestingly, although high levels of *type I IFN* expression were observed 24 h after FHV infection of CrFK cells, no induction of *Mx* was measured, indicating that this virus may have evolved mechanisms to interrupt IFN-induced host defence mechanisms in infected cells. Indeed, many viruses have evolutionarily acquired sophisticated strategies to counteract the IFN system ([@bib0120]). Various members of the herpesvirus family have been reported to directly inhibit the proteins that mediate the antiviral state ([@bib0040]), interfere with the expression of signaling molecules downstream of the IFNAR ([@bib0180]), or hypothetically support the disassembly of nuclear structures to get rid of antiviral components ([@bib0270]). These mechanisms have been linked to persistence of infections induced by some viruses of this family. Although there is no evidence for a specific viral inhibitor of Mx proteins so far, viruses can subvert the Mx system through exceptionally fast growth in host cells ([@bib0070]) or by affecting signal transduction upstream of IFN-regulated gene transcription. The presence of other antiviral factors in FHV-infected feline cells could shed light on possible mechanisms linked to these findings.

FIV can readily infect feline immune cells in vitro, offering a system that enables the study of innate antiviral immune reactions in a heterogeneous population of cells that actively take part in complex networks of immune interactions both in vitro and in vivo. Consequently, we studied the effect of viral inoculation in PBMCs on the expression of all cytokines and receptors for which we had developed real-time qPCR systems. High levels of *type I IFN* expression were measured in response to infection, again most probably linked to the activation of professional dendritic cells producing extraordinary amounts of these cytokines ([@bib0020]). Similar expression patterns were noted for all *IFNα* gene subtypes analyzed. Lower induction rates of *IFNα3*, *7* and *14* subtypes are most likely due to the measurement of individual genes versus the simultaneous quantification of many subtypes with the real-time assay developed for the remaining *IFNα* subtypes. Although the induction of *type I IFN* genes largely overlap, the array of IFNα and IFNω subtypes produced upon stimulation seems to be determined by cell-specific levels of transcription factors IRF3 and IRF7 ([@bib0205]). Furthermore, the extent of biological activity conferred by each individual protein depends on a variety of factors. Thus, the differential affinity of each subtype to the subunits of the IFNAR, the surface expression level of IFNAR1 and IFNAR2 in target cells, as well as the lifetime and stability of the ligand--receptor complex all play a role in the extent of the host response to infection ([@bib0065]). Different pathogens may influence, in this way, the phenotype of the developing immune response by shaping the profile of IFN subtypes induced ([@bib0055]). As previously shown for the human IFN system ([@bib0160]), the expression analysis of individual subtypes by real-time qPCR can provide valuable information on host innate immune responses to pathogens. We have initiated the development of appropriate tools to study these mechanisms in more detail in feline species.

Infection of feline PBMCs with FIV led to a substantial downregulation of the expression of the proinflammatory cytokine gene *IL-6*. These findings are reminiscent of previous experiments in which a 100 to 100,000-fold reduction of *IL-6* transcription was observed in monocytes from FIV-infected cats ([@bib0130]). Downregulation of this cytokine was reported to be more intense when infection of the monocyte fraction itself could not be demonstrated ([@bib0130]). Hypothetically, factors liberated by primarily infected lymphocytes could affect function and immune responses of monocytic cells, the main producers of IL-6 in blood. Thus, further investigations on PBMC subpopulations are required to determine the role of preferential cell tropism of certain viral strains on measured cytokine responses.

Our results further indicate a type I IFN-regulated pattern of NK cell stimulator IL-15 gene expression, supporting the previously described role of these IFNs in stimulation of NK cell activity ([@bib0290]). In contrast, effectors of NK cytotoxicity were only marginally induced as measured in PBMCs acutely infected with FIV in this study. Although low levels of increase in *perforin* and *granzyme B* mRNA production have been described upon stark stimulation, preformed transcripts for these proteins have been detected in resting NK cells ([@bib0050]). Gene expression analysis in separate immune cell populations as well as specific cytotoxicity assays would confer additional information on the biological value of our observations for these NK cell related cytokines.

Analysis of the expression of TLR genes demonstrated slight enhancement in mRNA levels of *TLRs 3*, *7* and *8* during the peak time point of innate immune response against FIV. The ssRNA phenotype of this virus coupled with the presence of dsRNA after reverse transcription during intracellular replication support the requirement for selectively higher levels of these TLRs upon infection. The relatively low levels of induction observed could be explained by the presence of a pool of receptors in the endoplasmatic reticulum that is actively transported to the endosomes following stimulation of the cell ([@bib0145]). Although upregulation of *TLR9* after FIV inoculation of CrFK cells has been reported ([@bib0105]), our observations regarding mRNA expression of this *TLR* gene in acutely FIV-infected PBMCs do not corroborate with the results previously published.

To our knowledge, this is the first report showing successful stimulation of innate mechanisms in feline immune cells by various IRMs. Both kinetics and potency of responses could be measured. Since mRNA expression of proinflammatory cytokine gene *IL-6* had been previously used as readout for stimulation through TLRs in pancreatic islet cells ([@bib0060]), we included this cytokine as comparative indicator for biological activity of TLR agonist. Our results indicate that *IFNα* is a more reliable marker for TLR stimulation in immune cells due to higher stability in expression over time and apparent higher expression of these cytokines.

Both R-848 and dSLIM™ could efficiently enhance *IFNα* expression within 12 h. This level of stimulation was likely insufficient to induce measurable increase in *Mx* expression, as induction of the gene encoding for this antiviral factor was repeatedly 5--10 times lower than that of IFNα in our experiments.

dSLIM™ is a non-coding DNA molecule that contains several unmethylated CpG motifs and possesses the broad spectrum immunomodulatory properties of Class C CpG ODNs ([@bib0215]). In vitro and in vivo studies have demonstrated immunomodulatory effects and safety of dSLIM™ both in humans and mice ([@bib0310], [@bib0140]). Moreover, this molecule has exhibited protective immune stimulation in human colon cancer and is currently undergoing second phase clinical trials ([@bib0300]). In addition to positively influencing *IFNα* expression in feline immune cells, dSLIM™ was the only tested IRM that affected *TLR* mRNA levels, leading to a 6-fold upregulation of *TLR9*. Further experiments will determine whether such properties could support combinatorial use of this molecule to enhance effects of other IRMs.

Poly IC was toxic to feline cells already at the lowest concentrations capable of inducing innate immune responses. Toxicity of this product has long been acknowledged and studied both in vitro and in vivo ([@bib0090], [@bib0165]). Mechanisms by which cell death is induced remain unclear, however it has been suggested that pathways leading to the induction of *type I IFN* genes are uncoupled from apoptotic pathways ([@bib0080]). We measured high induction of *Mx* in Poly IC-treated PBMCs after just 6 h post inoculation. While the possibility that Mx proteins fulfil a cellular function involved in cellular trafficking and/or in stress responses has been postulated ([@bib0095]) it remains more likely that presence of this antiviral factor is indicative of IFNα function.

Finally, the experiments here described were carried out with PBMCs from only one cat in order to ensure comparability of both the effects of infection and IRMs at different time points and the relation between expression levels of the cytokines tested. Admittedly, innate immune responses may vary considerably between individuals of an outbred species; however, when purified PBMCs from 8 adult SPF cats were previously utilized in similar smaller experiments, only slight variation was observed in their response to IRM stimulation and FIV infection (data not shown). Studies with cells from cats in the field would most likely give relevant information about individuality in responses after IRM stimulation or infection.

Altogether, we describe the development of tools to measure antiviral innate immune responses in the cat and show their successful utilization in the context of various virus infections in vitro and in vivo. Moreover, we provide initial evidence of the possibility of inducing innate immune responses in feline immune cells by stimulation with various IRMs. Future plans include screening of a vast array of IRMs for optimal manipulation of the feline innate immune system and enhancing the resistance of felids to viral infection.
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[^1]: VSV: vesicular stomatitis virus, FCV: feline calicivirus, FHV: feline herpesvirus, FCoV: feline coronavirus, FPV: feline parvovirus, FIV: feline immunodeficiency virus, AH927: feline embryo fibroblast cell line, CrFK: Crandell-Rees feline kidney cells, fcwf-4: felis catus whole fetus cells, FetJ-Bang: persistently FIV-infected feline T-cell line, FL: transformed human amnion cells, L-929: mouse fibroblast cell line, LSA-1: cells derived from thymic lymphosarkoma of feline leukemia virus positive cat, MDBK: Madin--Darby bovine kidney cells, MDCK: Madin--Darby canine cells, RK-13: rabbit kidney-derived cells.

[^2]: Initially classified as IFNω, re-termed "ω-like" by Yang et al. (2007).

[^3]: Purified protein commercialized and utilized in various in vivo studies (see text and [Table 2](#tbl0010){ref-type="table"}).

[^4]: GenBank.

[^5]: Ensembl (<http://www.ensembl.org/index.html>).
